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Abstract
As many contemporary Photovoltaic (PV) Power systems being installed are designed to produce significant amount 
of electricity and claimed to operate for 25 years or more, appropriate grounding on PV modules to reduce or 
eliminate shock and fire hazards becomes a critical issue under high electricity output and long-term use. Although 
some PV manufacturers have provided technical bulletins to suggest grounding products and methods, not all of them 
have been carefully evaluated and reviewed by the certification/listing laboratories. In this paper, different types of 
PV grounding connectors were collected, installed and put into accelerated environmental test chambers. The effects 
of current cycling, assembly force, anti-oxidation coating application on grounding reliability were evaluated. The 
grounding failure modes and mechanisms are also discussed in this paper.
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1. Introduction
Photovoltaic (PV) Power systems being installed nowadays are normally designed to produce 
significant amount of electricity, and claimed to work for over 25 years. With the high electricity output 
and long-term usage, appropriate and reliable grounding systems become an essential issue for PV 
systems to avoid accidental electric shock and fire hazards.
Late 2007, UL issued an interpretation of UL 1703, focusing on module field grounding. The 
Interpretation clarified that the manufacturers must specify, in the module instruction manual, the 
grounding methods and materials that must be used to external field-made grounding connections. These 
methods and materials will be evaluated as part of the module listing process and will apply to all existing 
listed modules and their instructions as they come up for review [1].
A good connection between the grounding hardware and the module frame is essential for a grounding 
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system to function properly. Typically PV manufacturers use copper-alloy for electrical connections and 
aluminum-alloy for the module frames. The anodization on the aluminum-alloy surfaces is able to provide 
an oxidized layer to minimize further corrosion of the frames. However, this insulation layer also presents 
a barrier that reduces the effectiveness of the grounding connection. Therefore for an adequate grounding 
system, the grounding hardware must penetrate through the anodization layer to create electric 
connections. It is normally achieved by one of the following three approaches: (1) Install a self-tapping or 
self-drilling fastener through the frame. This requires a minimum number of threads to achieve an 
adequate electrical connection. (2) Use a stainless steel star (toothed) washer held against the frame by a 
bolt or nut. (3) Attach a properly listed lug (see Fig. 1) to the marked grounding points after appropriate 
surface preparation has been accomplished [2] [3]. 
Nevertheless, the differences in grounding approaches may result in significant performance 
differences when in long–term service. Therefore further study is needed to address the long-term effect 
and reliability of these different grounding installations. 
Fig. 1. Lay-in lug listed for direct burial (DB) and outdoor use.
2. Objective
The objective of this study is to investigate the long-term effectiveness of different PV grounding 
devices under harsh environmental laboratory testing conditions. By measuring the contact resistance at 
the junction between connectors and aluminum frames, this paper studied the grounding effects of the 
following groups of grounding devices and methods:
• Attaching lay-in lug to aluminum frame with a lock-nut penetrating the aluminum surface.
• Removing anodization on the aluminum frame and then attaching lay-in lug directly to it. An anti-
oxidant compound was applied between the lug and aluminum surface.
• Grounding copper wire to aluminum frame using thread-cutting screw and cup washer.
• Attaching lay-in lug to aluminum frame with a teeth washer laid between the lug and aluminum 
surface 
• Using grounding clips assembly consists of a slider, base, and thread-cutting screw. 
Additionally, in order to understand the possible corrosion effect caused by current, this study also 
compared the grounding effects with and without current.
The connectors, copper conductors, and anti-oxidant compound used in this study were all 
commercially available varieties obtained from different manufacturers. Manufacturers’ names are 
omitted from this paper since the intention of this study was not to compare specific manufacturer’s 
products. 
3. Test Design
Different types of connectors were installed according to the instructions provided by the 
manufacturers, including the aluminum surface preparation, applying anti-oxidation coating and the 
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torque requirements. A DC power supply with current and voltage limiting functions was used for current 
cycling. As shown in Table 1, different groups of connectors from different manufacturers were put in 
series and each group has 3 samples labeled as Sample No.1 (control sample), No.2 (with anti-oxidation 
compound) and No.3 (with current cycling) for comparison purpose. The aluminum frames were cut to 
the length of 10cm and identical pairs of connectors were installed at the frames. With this set-up, 
supplied current can flow in to one connector and out from the other. 
Identical sample sets were installed and aged separately under the following two conditions:
1. Continuous salt mist spray, consisting of a fine mist of aerated 3% NaCl solution buffer to a pH of 
5.5. [4]
2. 85oC ambient temperature and 85% relative humidity. [5]
This was intended to produce conditions in which connectors that are susceptible to corrosion will 
show increased contact resistance as the testing progressed. A 5 Amps electrical current was cycled on 
and off on certain samples to simulate solar day current flow variations. 
For the resistance measurement, all contact resistances were measured at room temperature using a 
micro-ohm meter from a terminal block placed out of the chambers. Copper conductor wires were 
connected and fixed at the block as shown in Fig. 2.
Table 1: Sample groups and configurations
Connectors Sample Nos. Connector type & Installation methods 
A
1 (control)
Attaching a tin-plated copper lay-in lug to aluminum frame with a SS lock-nut 
penetrating the aluminum surface.
2 (compound)
3 (current)
B
1(control) Removing the anodization on the aluminum frame and then attaching tin-plated 
copper lay-in lug directly to it. An anti-oxidant compound was applied between 
the lug and aluminum surface. (B-2 is the NEC suggested structure)
2 (compound)
3 (current)
C
1(control)
Grounding copper wire to aluminum frame using SS thread-cutting screw and
SS cup washer.
2 (compound)
3 (current)
D
1(control)
Attaching a tin-plated lay-in lug to aluminum frame with a teeth washer laid 
between the lug and aluminum surface (Teeth face towards the Al surface)
2 (compound)
3 (current)
E
1(control)
Using grounding clips assembly consists of a slider, base, and SS thread-cutting 
screw.
2 (compound)
3 (current)
Fig. 2. Sample layout for the corrosion cycling
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4. Test Result
4.1. Damp Heat Aging 
Connector groups C, D and E were selected for damp heat aging study. The sample connectors were 
jointed together in series and subjected to continuous damp heat aging at 85oC ambient temperature and 
85% relative humidity. The resistances of all connectors were measured every week at the same
temperature level. Data (Fig. 3) shows that the resistances for all connectors remained in low level 
(<0.05Ω) and had almost no change over 20 weeks, which indicated that the connectors were still in good 
condition and making consistent connection. A resistance pulse at the 2nd week was found due to the 
abnormality of the ohmmeter. The meter got back to normal after that week. The experiment was 
terminated at the 21st week, as it’s believed that in short-term, continuous damp heat aging would not 
have any effects on the grounding integrity.
4.2. Salt mist Aging
Comparing to damp heat, salt mist condition was a much more severe atmosphere for the grounding 
connectors. All of the connectors (group A, B, C, D and E) were aged under salt mist condition and the 
resistances were measured on every individual weekly until it is failed (defined as >10Ω). The resistance 
measurements data for No.1, No.2 and No.3 connectors are shown in Fig. 4-6. And Fig. 7 shows the 
failure time data of all connectors. As the figures show, some connectors became unstable and failed in a 
couple of weeks while some of the others had survived for more than 20 week. According to the data, 
group D connectors performed the best among all connectors.
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Fig. 3 Resistance measurements for group C, D and E connectors under damp heat aging
Fig. 4 Resistance change for all No.1 connectors under salt mist aging
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Fig. 5 Resistance change for all No.2 connectors    Fig. 6 Resistance change for all No.3 connectors 
under salt mist aging                                                                                 under salt mist aging
Fig. 7 Failure time analysis for all connectors under salt mist aging
5. Discussion
5.1. Conducting Paths
Although there are different grounding connectors from different manufacturers, there are mainly three 
conducting paths for all grounding connections. The first one uses the teeth washer or lock nut as a 
conducting part; the second one uses the grounding lug itself as a conducting part and the last one uses the 
self-taping screw. Below are the diagrams of the conducting paths:
1.) Leakage CurrentAluminum FrameLock nutMachine ScrewFlat washerLugCopper 
WireGround
Machine Screw
Lug
Lock Nut
Flat Washer
Copper Wire
Module Frame
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2.) Leakage CurrentAnodization-removed Aluminum FrameLugCopper WireGround
Module Frame
Machine Screw
Lug
Copper Wire
Flat Washer
Flat Washer
3.) Leakage CurrentAluminum FrameSelf-Tapping ScrewCopper WireGround
Copper Wire
Module Frame
Cap Washer
Self-Tapping
Screw
5.2. Anti-oxidant Compound Application
Anti-oxidant compound we used in the research is UL listed and recommended for all voltages and 
consists of non-petroleum base vehicle in which zinc particles are suspended. The compound was applied 
to the No.2 samples in all groups (A-2, B-2, C-2, D-2 and E-2). It was applied on the conductive surfaces 
of the connector components such as screw threads, copper wire, grounding lugs and the aluminum 
surface. The data in Fig. 5 shows that the samples with anti-oxidant compound applied survived longer 
than the samples without it. 
5.3. Current Cycling Test
The reason for conducting current cycling was to simulate solar day current flow variations and 
encourage corrosions at the connectors. For the test, a 5 Amps electric current was cycled on and off on 
No.3 connectors (A-3, B-3, C-3, D-3 and E-3). Theoretically, connectors and aluminum have different 
natural potentials in salt mist condition, an electric current will flow from the anode metal to the cathode, 
which will increases the corrosion on the anode. Therefore, supplying an external current on the 
connectors and aluminum frame would somehow influence the corrosion rate. From the data however, no 
significant change on corrosion rate was observed between the samples with and without current cycling. 
This is possibly due to the accelerated aging under salt mist condition was too severe for the connectors 
and the connectors failed too soon to show the effects of current cycling.
5.4. Installation Torque Requirements
The manufacturers should specify, in the module installation manual, the grounding methods including 
torque requirements that must be used to establish grounding connections. For example, for the 
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connectors use teeth washer as a part of the conducting path would ask the installers to tighten the 
mounting screw to a certain force level to ensure that the teeth fully embeds in the aluminum frame 
surface. In this research, connector D was picked for the comparison study. D-1 to D-3 connectors were 
assembled using a torque wrench to meet the torque requirement stated in the installation instruction; 
while identical connectors D’-1 to D’-3 were assembled using a regular wrench and the assembly force 
was well below the torque requirement. Fig. 8 shows that group D’ connectors failed 5 times faster than 
group D. This proved that sample assembly force has great effects on sample failure time.   
Fig. 8 Failure time comparison for connector D following torque requirements and not (D’)
5.5. Failure Mechanism
The grounding connectors of all groups showed a considerable amount of surface corrosion after salt 
mist aging, and a build-up of white oxidation on the aluminum frames (Fig. 9 and 10). The white 
oxidations were collected and tested under EDX. With oxygen and metal peaks detected, it is proved that 
the white powders were metal oxides (Fig. 11). The metal oxides are always non-conductive and act as an 
insulating layer, which block and fail the grounding connections. On some of the lug connectors, the tin 
plating had flaked off the surface and the inner copper had exposed. This could enhance the galvanic 
corrosion to occur as the tin-removed copper lugs were hardly pressed against the aluminum frames 
which creates a galvanic corrosion environment. Other forms of corrosions such as crevice corrosion and 
pitting corrosion were also observed. The connectors or lugs created gaps and crevices and the differential 
aeration between the crevice and the external surface gave the crevice an anodic character and the
external surface a cathodic character that prompted the crevice corrosion. Pitting corrosion includes local 
breakdown of protective passive film and always involves presence of chloride ions [6].
                                 
Fig. 9. Build-up of white oxidations on the aluminum frame Fig. 10. Build-up of white oxidations on the aluminum
(screw sample)                                                                                            frame (lug sample)
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Fig. 11. EDX measurements for the white oxidation on the aluminum frames
6. Summary and Conclusion
The reliability of different PV grounding connectors was compared by conducting accelerated aging 
under corrosive environmental conditions. The testing consisted of continuous damp heat and salt mist 
environmental exposure, in conjunction with periodical electrical current cycling. The connectors were 
evaluated by comparing the change in resistance of the test samples as the testing progressed. The final 
result shows most of the samples corroded severely and failed in weeks under salt mist condition, while 
identical samples in the damp heat chamber were still in good condition. The presence of ions (Na+, Cl-, 
etc) in salt water had a much greater effect on the rate at which metals corrode than just in heat and high 
humidity. The uses of anti-oxidant coating and connector assembly force also have effects on grounding 
integrity. With regard to the failure mechanism, different forms of corrosion included galvanic corrosion, 
pitting corrosion and crevice corrosion were observed during the aging tests. Evidence showed that the 
insulating metal oxide formed during the corrosion broke the electrical connections and failed the 
grounding system.  
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